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w In t roduct ion  

I n  t h e  l as t  f e w  years  t h e r e  have been an inc reas ing  number of ideas  
and schemes on t h e  r e t e n t i o n  of gaseous nuc lear  f u e l  i n  a c a v i t y  reac tor .  
Some methods proposed make use of hydrodynamic forces ,  such as t h e  vor tex  
type  discussed by Kerrebrock and Meghraeblianl, and t h e  coaxia l  f l o w  type 
descr ibed by Weinstein and Ragsdalez. 
f o r c e s  t o  conta in  t h e  f u e l  i n  t h e  cavi ty ,  such as proposed by Spencer3 
and Nelson4. There have been o t h e r  proposals with v a r i a t i o n s  on these  
methods. 
imposed on t h e  f u e l  i s  t h a t  it be c e n t r a l l y  loca ted ,  away from t h e  c a v i t y  
w a l l s .  I n  an arrangement such as t h i s ,  it i s  expected t h a t  t h e  c r i t i c a l  
mass requirements w i l l  be higher  than  t h a t  of a uniformly f i l l e d  cavi ty .  

Other methods r equ i r e  magnetic 

With t h e  except ion of t h e  vortex type,  one common requirement 

- Ln a previous ana lys i s  on spher ica l  geometries5, t h i s  increase  i n  
c r i t i c a l  mass w a s  i nd ica t ed  as being less  than 25 percent  f o r  fuel- to-  
cav i ty  r ad ius  r a t i o s  down t o  0.5, f o r  c a v i t y  r ad i i  ranging fmm 713 t o  
1 7 5  em. 
ca t ed  only with respec t  t o  t h e  radius .  A s  shown i n  f igure 1, t h e  f:iel 
reg ion  runs t h e  e n t i r e  length  of t h e  cavi ty .  It is a n t i c i p a t e d  t h a t  t h i s  
would allow a f u r t h e r  decrease i n  t h e  fue l - to-cavi ty  r a d i u s  r a t i o  without 
an increase  i n  t h e  c r i t i c a l  mass. 

I n  a c y l i n d r i c a l  cav i ty  r eac to r  t h e  f u e l  would be c e n t r a l l y  lo-  

I 

Conditions of Analysis 

The moderator-ref lector  region, as shown i n  f i g u r e  1, completely sur- 
rounds t h e  cavi ty .  The th ickness  of t h i s  reg ion  i s  maintained at 109 em 
f o r  a l l  ca l cu la t ions .  Graphi te  and D2C) were considered 2s moderator ma- 
ter ia ls ;  and TJ235 and p~~~~ as nuclear fue l s .  
var ied  i n  a few cases,  bu t  for t h e  majori ty  of t h e  computations w a s  he ld  
c o n s t m t  a t  150 em, along with a r eac to r  c a v i t y  
r a t i o  of  1.0. 

The r ad ius  of t h e  cav i ty  was 

1!/3 ( l e n g t h - t o - d i m e t e r )  

The cav i ty  r ad ius  w a s  chosen on examination o f  t h e  combined con t inu i ty  
equat ions  f o r  t h e  p rope l l an t  (hydJ?ogen) and t h e  f u e l  (uranium o r  plutonium), 
expressed as a ve loc i ty  r a t i o  i n  a coaxial  f low reac tor2 :  
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To minimize mixing l o s s e s  it i s  assumed t h a t  the average v e l o c i t y  
r a t i o  must be on t h e  order  of 10G o r  less. 
weight, and temperature ra t ios  r e l a t i v e l y  inva r i an t ,  the  r ad ius  r a t i o  
rF/rH, becomes t h e  dominant f ac to r .  

dynamic r e s t r i c t i o n s  on t h e  v e l o c i t y  r a t i o  required,  but lead t o  high 
opera t ing  p res su res  because of the inc rease  i n  c r i t i c a l  d e n s i t i e s .  Com- 
b in ing  t h e s e  f a c t o r s ,  a value of 150 em w a s  assumed f o r  a reasonable  
c a v i t y  rad ius ,  a d  0 .17  f o r  a fue l - to-cavi ty  r ad ius  r a t i o .  Inasmuch as 
t h e s e  are only guesses as t o  reasonable values,  they  should not  be taken 
as f i n a l  o r  recommended values; they  are, however, s u i t a b l e  f o r  d i scuss ion  
here.  

With the m a s s  flow, molecular 

Small rad ius  r a t i o s  ease the  hydro- 

To determine t h e  e f f e c t  o f  changing r ad ius  r a t i o  on c r i t i c a l i t y ,  t h e  
fuel. reg ion  r ad ius  w a s  va r i ed  and c r i t i c a l  d e n s i t i e s  were obtained. The 
reg ion  of t h e  cav i ty  outs ide  of the f u e l  reg ion  contained hydrogen w i t h  a 
dens i ty  of 0.8~1021 atoms/cc. Although d i f f u s i o n  of  neutrons i n  t h e  hy- 
drogen w a s  considered, removal and absorp t ion  cross-sect ions were taken  
as zero. 
c r i t i c a l i t y  obtained with PDQO2, a two-dimensional r e a c t o r  code wr i t t en6  
for t h e  IBM 794. lieutron macroscopic c r o s s  sec t ions  f o r  t h e  materials 
were b a s i c a l l y  obtained by f l u x  weighting c ross  sec t ions  from BNL 3257. 
For t h e  high temperature “thermal” c ros s  sec t ions ,  t h e  e f f e c t  of Doppler 
broadening w a s  t aken  i n t o  account. This  w a s  done p r imar i ly  because of 
l o w  energy l e v e l  resonances i n  PlUtOiliWn and uranium. For a given geom- 
e t r y  t h e  f u e l  dens i ty  w a s  varied u n t i l  a c r i t i c a i i t y  f a c t x  of 1.00 w a s  
obtained. 

A l l  of the r e s u l t s  presented  here  weye baaed on ca lcu la t ions  of 

Discussion of Resul t s  

I n  genera l  cav i ty  r e a c t o r s  aye considered thermal i n  t h e  sense tha t  
most of t h e  absorpt ions of neutrons by t h e  f u e l  OCCUT a t  thermal energies .  
I n  a cav i ty  reactGr t h e  neutrons are born i n  t h e  f u e l  a t  high energ ies  
and quickly d i f fuse  i n t o  t h e  ref lector-moderator  region. Here they  are 
thermalized and f i n d  t h e i r  way back i n t o  t h e  f u e l  reg ion  t o  be absorbed 
and start a new generat ion of neutrons. A s  t h e  f u e l  reg ion  i s  decreas  d;, 
i n  diameter, t h e  p r o b a b i l i t y  t h a t  r e tu rn ing  n e u t r m s  w i l l  m? It 

w n  i s  reduced. Therefore,  t o  maintain c r i t i c a l i t y  the ones which do 
p a s s  through t h e  f u e l  must have a h igher  p r o b a b i l i t y  of being absorbed. 
Th i s  means t h a t  as t h e  fue l  r ad ius  i s  decreased, t h e  f u e l  dens i ty  must in -  
crease.  A s  the  f u e l  dens i ty  increases ,  the  thermai f lux drops o f f  more 
r a p i d l y  through t h e  f u e l  region. A n  example of t h i s  i s  shown i n  f i g u r e  2. 
For t h r e e  d i f f e r e n t  f u e l  radii ,  t h e  f lux dyops o f f  more r ap id ly  as t h e  
f u e l  r ad ius  i s  decreased, and t h e  f u e l  dens i ty  i s  increased  t o  maintain 
c r  i t i c a l i  t y . 

Since t h e  fue l  volume i s  decreasing, an increase  i n  f u e l  dens i ty  does 
not  necessa r i ly  m e a n  t h a t  t h e  c r i t i c a l  mass has increased. Severa l  con- 
f i g u r a t i o n s  were computed t o  determine t h e  e f f e c t  on c r i t i c a l  mass as t h e  
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f u e l  r ad ius  i s  decreased. This i s  ind ica ted  i n  f i g u r e  3. The lower curve 
i s  f o r  a cavi ty  r ad ius  of 43 em, and 
based, on d i f fus ion  theory, t h e  f u e l  r e g i o i  can be reduced i n  r ad ius  by fac-  
t o r s  of 5 and 6 with no appreciable  increase i n  c r i t i c a l  m a s s .  

L/ID of 2, and i l l u s t r a t e s  t h a t ,  

The remaining curves a r e  f o r  a cavi ty  rad ius  of 15'3 em. The dashed 
l i n e  extensions are ex t r apo la t ions  t o  end po in t s  ( c a v i t y  completely f i l l e d  
wi th  f u e l ) .  The end po in t s  f o r  t h e  D20 cases  were determined from a buckl- 
ing  analogy5. All of t h e  curves f o r  U235 i n d i c a t e  t h a t  t h e  f u e l  rad ius  can 
be reduced by f a c t o r s  of 5 o r  6, t h a t  is ,  fuel- to-Zavi ty  r ad ius  r a t i o s  of 
0 .2  t o  0.167, without increas ing  t h e  c r i t i c s 1  mass by more than  25 percent .  
The curve f o r  Pu239 f u e l  i n d i c a t e s  a sharp increase  i n  c r i t i c a l  mass a t  a 
r ad ius  r a t i o  of about 9.25, or a f a c t o r  of 4 i n  decreased rad ius .  Although 
t h i s  i s  l e s s  of a reduct ion  i n  f u e l  radius  thag  a f forded  by t h e  LJ235, the  
c r i t i c a l  m a s s  i s  much less (13 kg compared w i t h  33 kg at a.4 r ad ius  r s t i o )  
under t h e  same condi t ions.  

As  w a s  p rev ious ly  ind ica ted ,  a f u e l  r ad ius  of 25 cm appears t o  be i n  
Maintaining t h i s  f u e l  rad ius  and a cavi ty  radiuE t h e  region of i n t e r e s t .  

of 150 em, seve ra l  ca l cu la t ions  were performed l o  determine changes i n  
c r i t i c a l  m a s s  due t o  v a r i a t i o n s  i n  temperature and materials. The results 
a r e  shown i n  t a b l e  1. Case (l), as shown i n  t h e  table, had U235 as the  
f u e l ,  and D20 as t h e  moderator (100 cm t h i c k ) .  Since D20 w a s  used, the 
neutrons w e r e  assumed t o  be a t  mom temperature !7u3 3 ) .  The c r i t i z a l  
mass f o r  t h i s  case i s  seen t o  be 6 . 3  kg. I n  t h e  next case, as shown i n  
t h e  diagram with t a b l e  I, a void region through t h e  D23 with  the  sane 
diameter as t h e  f u e l  reg ion  w a s  added t o  m e  end t o  o b t a i n  some indica-  
t i o n  of t h e  e f f e c t  of an exhaust nozzle; t h e  increase  i n  c r i t i c a l  m a s s  was 
s m a l l  ( 5  percent ) .  

I n  t h e  t h i r d  case, t he  I).$ was replaced with graphi te .  'The increase  
i n  c r i t i c a l  mass from 6.3 t o  65 kg i s  due pr imarf ly  t o  the  increased ab- 
so rp t ion  i n  t h e  graphi te  moderator, as i s  shom i n  t a b l e  E. Therefore, 
an inc rease  i n  t h e  thermal temperature t o  near an operat ing temperazure 
(approximately 5300° F )  should decrease t h e  c r i t i c a l  mass. This i s  shown 
by t h e  r e s u l t s  f o r  case 4. Case 5 was run t o  determine t h e  e f f e c t  of re -  
p l ac ing  U235 with ~ ~ 2 3 9 .  
decreases  from 3% t o  27 kg. 

The ind ica ted  r e s u l t  i s  t h z t  the  c r i t i c a l  mass 

Table I'i g ives  a neutron balance f o r  each esse.  Since t h i s  i s  a 
balance of neutrons, and a f i x e d  f r a c t i o n  of neutrons must be absorbed i n  
t h e  f u e l ,  any increase  of absorpt ions i n  nonfuel reg ions  must be accom- 
panied by a decrease i n  le&age. One not iceable  f a c t  i s  t h a t  even thougln 
l e s s  f u e l  i s  requi red  using Pu239, more neutrons must be absorbed i n  t h e  
fue l .  This  i s  due t o  t h e  l a r g e r  por t ion  of t h e  neutrons absorbed i n  the 
Pu239 t h a t  do not produce f i s s i o n  neutrons. The decrease i n  c r i t i c a l  mass 
f o r  Fu239 r e s u l t s  from t h e  f a c t  t h a t  although t h e  p r o b a b i l i t y  of a f i s s i o n  
per absorp t ion  i s  less than f o r  U235, t h e  p r o b a b i l i t y  of an  absorpt ion i s  
s u f f i c i e n t l y  g r e a t e r  t o  overr ide t h i s  e f f e c t .  



Concluding Remarks 

From the two-dimensional calculations performed on cylindrical 
cavity reactors, it appears that the fuel region can be reduced in radius 
inside a cavity more than appeared possible from spherical results. The 
calculations indicate that if graphite is to be required for high tem- 
perature use, an increase in critical mass will result, though not as 
much as would be indicated by the use of room temperature cross sections. 

The calculations also show that critical mass can be reduced by 
using Pu239 rather than U235. 
nozzle opening through the reflector-moderator showed only a slight 
increase in critical mass. 
would seem worthwhile to consider a possible combination of D20 and 
graphite into a two-region moderator-reflector with high temperature 
capability and reduced neutron absorptions. Finally, in view of some 
of the steep flux gradients in a cavity reactor, it is estimated that 
transport theory would predict, in certain cases, larger critical masses 
than diffusion theory; this has been indicated by a few preliminary one- 
dimensional calculations. 

A single calculation of the effect of a 

Inasmuch as DZC) is a better moderator, it 
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